A rapidly growing body of data points to structural alterations of the temporal lobe in a significant number of schizophrenic patients. At the histological level, these changes are most frequently seen in the hippocampus and entorhinal cortex, and a strong case can be made for attributing them to disturbed neuroembryogenesis. Archicortical components of the temporal lobe are now known to follow an unusually complex course of embryological development, and we suggest that the process may be especially vulnerable to interference. A number of autosomal mutant mice express anomalies of hippocampal development, some of which resemble caricatures of the more subtle alterations in schizophrenic patients. We have suggested that at least some schizophrenias may result from the impact of maternal exposure to influenza virus during the period of neuroblast migration into the hippocampal primordium in the presence of as yet unspecified patterns of genetically transmitted immunoincompetence. Although this putative interaction of genetic and epigenetic factors in humans probably differs from the factors involved in the mutant mouse, study of the murine model may reveal those mechanisms of embryogenesis that are most likely to be disturbed in the temporal lobe of schizophrenic patients.
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A remarkably broad and diverse range of theories has been developed to explain the etiology and pathogenesis of schizophrenia. These include genetic, environmental-infectious, developmental, neurochemical, and immuneautoimmune theories, to name only a few. No one theory has proven entirely satisfactory, and it seems increasingly likely that multiple causative factors are involved. Furthermore, as befits the protean nature of schizophrenia, it also seems possible that no one combination of factors will provide the unique pathogenic route to the disease. If this is true, it would reinforce a position maintained by some that the diagnosis of schizophrenia, with its enormous phenotypic diversity, may eventually be seen to bear the same relation to the study of psychiatric illness as the diagnoses of catarrh, acute indigestion, or dropsy formerly bore to clinical medicine.
Our own interests have been shaped by the discovery of neuronal disarray in the hippocampi of a significant proportion of schizophrenic patients (e.g., Scheibel and Kovelman 1981; Kovelman and Scheibel 1984) . We have considered this structural anomaly and the mechanisms that could conceivably contribute to its development within the context of several recent bodies of epidemiological data (Mednick, personal communication 1983; Mednick et al. 1988; O'Callaghan et al. 1991) . The result is the conceptualization of a scenario involving viral-mediated interference with hippocampal embryogenesis in the genetically vulnerable fetus (Kovelman and Scheibel 1984; Conrad and Scheibel 1987) .
Currently, the greatest weight of evidence for structural alterations Reprint requests should be sent to Dr. A.B. Scheibel, Brain Research Unit, UCLA Medical Center, Los Angeles, CA 90024.
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SCHIZOPHRENIA BULLETIN in the brains of schizophrenic patients points to the medial temporal lobes (see below), particularly the hippocampus and adjacent entorhinal cortex. It may be more than coincidental that at least one other syndrome that episodically affects behavior and cognitive activity, that is, temporal lobe epilepsy, may also result from dysgenesis of the medial portion of the temporal lobe (Scheibel 1991) . Are there factors involved in embryogenesis of the hippocampus and adjacent structures that make these areas especially susceptible to developmental error? A number of experimental studies document the complexity of hippocampal development (Angevine 1965 (Angevine , 1970 Altaian 1966; Stensaas 1967a Stensaas , 1967b Stensaas , 1967c Caviness 1973; Nowakowski and Rakic 1981; Rakic and Nowakowski 1981) . In particular, a group of autosomal mutations in mice (DeLong and Sidman 1970; Caviness 1973; Caviness and Rakic 1978; Cowan 1979a, 1979b; Stanfield et al. 1979; Edelman and Chuong 1982; Pinto-Lord et al. 1982; Nowakowski 1988 ) provides a range of structural alterations in hippocampus (with and without change in other parts of the neuraxis) that may serve as models, or caricatures, of the processes we infer in schizophrenic patients. If the hippocampus and adjacent structures of the medial temporal rim represent, in fact, a locus minoris resistentiae during embryological development, it would not be surprising if combinations of factors, epigenetic and genetic, were capable of affecting developmental patterns in this area.
In this article, we elaborate further on a model for development of schizophrenia (Kovelman and Scheibel 1984; Conrad and Scheibel 1987 ) based on the effects of maternal influenza virus infection on migration and lamination of primitive neurons (neuroblasts) in the hippocampal plate. This process is seen as pathogenic when it develops within the matrix of a specific genetic substrate affecting the immunocompetence and therefore, presumably, the pattern of reaction to viral exposure of the maternalfetal unit. Certain similarities to genetic mutant mouse patterns are suggested, but the model we propose emphasizes the interaction of genetic and epigenetic mechanisms.
The Medial Temporal Lobe in Schizophrenia: Our Findings to Date
Our own findings of patchy neuronal disarray in the hippocampal pyramidal cell layer of schizophrenic patients are based on several studies. We initially reported on eight schizophrenic patients (four paranoid, one hebephrenic, and three chronic undifferentiated) who had spent major portions of their lives in a State hospital. In each one of these individuals (ages unavailable) we found robust hippocampal cell disorientation as revealed by Golgi and cresyl violet stains. In brain tissue from a control (nonschizophrenic) group of patients chronically hospitalized in the same institution for Huntington's disease, bipolar disorder, or alcoholic dementia, no significant cellular disorientation was found (Scheibel and Kovelman 1981) . In retrospect, this report proved unique because none of our followup studies showed patterns of disarray in more than approximately one-half of the brains of schizophrenic patients studied.
Our second study (Kovelman and Scheibel 1984) consisted of 10 patients (age = 29-66 years; mean age = 49.6; standard deviation [SD] = 12.44) from a Los Angeles Veterans Administration hospital with a history of repeated hospitalizations for chronic paranoid schizophrenia (DSM-III; American Psychiatric Association 1980). Control patients consisted of eight agematched nonpsychotic patients who died without known neurological complications. A blind quantitative study was performed on over 13,000 hippocampal pyramidal cells from these two groups. Because of the laborintensive nature of the project, tissue from only the left hemisphere was examined. This choice was based on the fact that many (though not all) published reports suggested preferential left hemisphere dysfunction in schizophrenia (e.g., Flor-Henry 1976; Gruzelier and Hammond 1976; Gur 1977) . Results showed highly significant degrees of hippocampal cell disarray (range = 0.011-0.0005) in the anterior and middle (but not posterior) regions of the hippocampi of the schizophrenic patients compared to the nonpsychotic controls. The disarray was especially noticeable at the interface between the various subfields of the cornu ammonis (i.e., CA1-CA2, CA2-CA3, and CA1-PS [presubiculum] ). It became apparent that there was considerable overlap in cell disarray values between tissue specimens from schizophrenic and nonschizophrenic patients, an observation that led us to the realization that not all schizophrenic patients showed this structural phenomenon.
We were also intrigued by the lack of cellular disarray in the posterior portion of the hippo-campus. This pattern of disordered cell distribution was reminiscent of the findings of Heath (1958) and Sem-Jacobsen and colleagues (1956) , who recorded abnormal electrical spiking activity from the posterior frontal lobe and anterior medial temporal, but not the posterior temporal lobes in chronically electrode-implanted schizophrenic patients undergoing psychotic episodes.
A third study (Conrad et al. 1991) examined hippocampi from the right hemispheres of 11 schizophrenic patients and 8 agematched controls. The majority of these specimens were obtained from the same Veterans Administration Hospital patients used in the previous study, with a few additions where appropriate specimens were no longer available. Significant degrees of hippocampal cell disorder were found, particularly at the CA1-CA2 and CA2-CA3 interfaces, suggesting that schizophrenia-related structural changes involve both hemispheres. This study also emphasized the bimodal nature of the phenomenon of hippocampal pyramidal cell disarray. It was clear that cell orientation values of one group of schizophrenic patients overlapped those of the nonschizophrenic controls, while disorientation values of a second group significantly exceeded those of the control population. This fact has been useful in understanding why some studies reporting only mean values of cell disorientation have demonstrated less than significant differences between schizophrenic and nonschizophrenic patient groups (Altshuler et al. 1987; Christison et al. 1989 ).
As we performed these studies, we became increasingly convinced that the type of cellular disarray being observed could have developed only during embryogenesis (see next section). However, since the introduction of neuroleptic agents in the early 1950s, virtually all schizophrenic patients have been consistently exposed to these drugs. This exposure raises the possibility that the cellular disarray could represent an acquired drug effect. We therefore examined the Yakovlev collection of brain material at the Walter Reed Army Medical Center, Washington, DC. Virtually all of these brain specimens, from both schizophrenic and nonschizophrenic patients, were obtained before the introduction of neuroleptics and therefore have the potential to serve as valuable controls for neuroleptic exposure.
The problems with using this material as a control became progressively more apparent during our analyses of this material (Scheibel and Kovelman, unpublished data; Altshuler et al. 1987) . Of 13 patients listed in the collection as having schizophrenia, 12 had undergone brain surgery (leukotomy, thalamotomy, or pallidotomy) at some time during the course of their disease. We were increasingly concerned with the accuracy of the diagnoses in terms of present DSM-1U and DSM-HI-R (American Psychiatric Association 1980 standards. After we examined the original chart material, we were forced to conclude that 30 to 40 percent of the cases given the diagnosis of schizophrenia would have been diagnosed differently today (e.g., manic-depressive disorder, postencephalitic psychosis, and so on).
From a technical standpoint, there were limitations to the amount of tissue that had been sectioned and stained. Most troublesome was the virtual absence of specimens from the anterior and, in some cases, from the middle segments of the hippocampaltemporal lobe complex. As already noted, these were the areas where the most obvious structural disarray and disordered electrophysiological activity (Heath 1958; SemJacobsen et al. 1956 ) were noted. An additional element of presumed importance was the disparity between thickness of sections cut in our studies (20 (Am) and in the Yakovlev material (35 ^.m). The greater thickness of the latter and the resulting overlap of cell somata frequently made precise measurement of nerve cell body orientation difficult.
When the putative schizophrenic cases and nonpsychotic controls were compared as groups, no statistically significant difference in cell array was found (on the basis of the 2,808 hippocampal cells measured). However, when the schizophrenic cohort was analyzed on a case-by-case basis, taking into account all of the above-mentioned problems in patient diagnosis and tissue specimen position, a subgroup was identified "... in which cellular disarray correlated with the degree of behavioral impairment. The two patients demonstrating the greatest degree of cellular disarray at each of the three interfaces (cases 9 and 12) had clearly the most progressive and deteriorative histories" (Altshuler et al. 1987 (Altshuler et al. , p. 1096 . It is regrettable that the Yakovlev collection did not include significant amounts of those portions of anterior and middle segments of hippocampi where schizophreniarelated structural and functional changes have been found. Nonetheless, the positive correlation between behavioral impairment and amount of cellular disarray in those patients whose diagnosis of schizophrenia was most likely to coincide with contemporary standards supports our experiences (Scheibel and Kovelman 1981; Kovelman and Scheibel 1984; Conrad et al. 1991) with tissue from State hospital and Veterans Administration hospital settings.
It might be added at this point that Christison and coworkers (1989) reported that they were unable to find significant degrees of hippocampal cell disarray in 17 schizophrenic patients compared with 14 lobotomized nonschizophrenic controls and 18 normal controls. They used a computerized morphometric type of analysis based on the first four harmonic shapes described by a Fourier expansion series (cell shape) and an analysis of circular variance (cell disarray). However, this study was based on the same brain material, the Yakovlev collection, previously studied by Altshuler and coworkers (1987) . Both studies are therefore flawed by the same deficiencies, the most severe of which are the problematic diagnoses and the virtual absence of anterior and middle segment hippocampal tissue specimens, where almost all of the disarray is found.
Nature of the Etiologic Problem
Most of the changes that have been described in the brains of schizophrenic patients (e.g., Johnstone et al. 1976; Weinberger et al. 1979; Scheibel and Kovelman 1981; Andreasen et al. 1982; Stevens 1982; Bogerts et al. 1985; Benes et al. 1986; Falkai et al. 1988; Jeste and Lohr 1989) , such as increased ventricular size with or without diminution of the temporal lobe (unilaterally or bilaterally) and decreased neuronal number with or without changes in axonal and cell density patterns and with or without accompanying gliosis, may all conceivably result from disturbed developmental patterns or from degenerative processes. However, the disarray of hippocampal pyramidal cells seen in a significant fraction of the schizophrenic brains (-50%) and described above argues strongly for a developmental origin.
The implications for both etiology and pathogenesis are considerable. For us, the crucial question to be answered is this: Once a neuronal ensemble has achieved its final position, developed extensive dendritic trees, and established afferent and efferent connections within the surrounding neuropil, is it possible for the neurons to rotate in their position, sometimes as much as 180 degrees? The improbability of such a phenomenon is supported by the fact that in a broad array of neuropathological states, we have not personally seen, nor have we noted in the literature, any evidence for such developing neuronal disarray.
Cortical dendrite systems, which are known to remain plasticly reactive throughout most of the life span (see Diamond 1988), may respond to changes in local tissue states. In addition to growth or loss of dendritic tissue, there may also be changes in the orientation or direction of dendritic growth. When this happens, however, there are telltale characteristics. For example, in the hippocampi of patients with temporal lobe epilepsy, we have seen long stretches of hippocampal dendrites all leaning in one direction, resembling a field of wheat stalks bending in the wind. This wind-blown look (Scheibel et al. 1974 ) is undoubtedly secondary to the development of local areas of gliosis and scarring that results from previous seizures or preexisting pathology. In such cases, the dendrite deflections are invariably in the same direction (usually toward the area of scarring) and the cell bodies are essentially uninvolved. In contrast, in schizophrenia the disarray of hippocampal neuronal somata appears haphazard and lacks a predominant direction.
As we noted in the last section, another factor to be considered is the exposure to neuroleptic agents that most schizophrenic patients have been subject to since the introduction of these drugs in the ;i early 1950s. Our attempts to address this problem through evaluation of brain specimens in the Yakovlev collection were detailed in the last section. Despite technical and diagnostic problems, we found no evidence linking cellular disarray with the introduction of neuroleptic agents. The consequent likelihood that hippocampal cell disarray represents disordered embryogenesis, albeit of a rather subtle nature, has strongly colored our thinking and provided direction to our research.
Development of the Hippocampus
Although the mature hippocampaldentate complex appears to,consist of a simplified three-layer cortex, its embryological history is probably more complex than that of other cortical systems. The human cerebral hemisphere begins to evaginate at a gestational age of 35 to 38 days, and the hippocampal formation is the first cortical subdivision to begin differentiation.
Since the granule cells of the dentate gyrus continue to replicate into the second or third year of postnatal life, the hippocampaldentate complex can be considered to have the longest continual developmental history of any forebrain-derived structure.
The hippocampal formation is first noticeable in the dorsomedial wall of the cerebral hemisphere close to the lamina terminalis and then appears to develop progressively in a posterior direction toward the posterior pole of the growing cerebral hemisphere. When the temporal lobe begins to extend ventrally and anteriorly, the hippocampal primordium follows its course. The earliest stages of neuroblast migration from the ependymal layer into the primordial hippocampal plate are noted between days 40 and 45 of gestation. This initiates a process that will last for several months in the developing fetus, reaching its level of most intense migration during the early and middle second trimester.
The pattern of infolding of the cerebral vesicle wall that forms the hippocampal-dentate complex is idiosyncratic and varies somewhat along the entire course of the structure and from species to species. The characteristic double curve of the hippocampal-dentate complex begins with the indentation of the primitive hippocampal fissure, which is clearly recognizable by the end of the third gestational month (figure 1). The dentate gyrus, which originally develops as the terminating medial segment of the hippocampal plate, begins to rotate inward somewhat earlier in development. Losing its continuity with the presumptive hippocampus, it finally occupies a position surrounding and capping Note.-Cornu ammonis and dentate gyrus (unmarked area) are originally part of the same infolding cell lamina. In the fourth drawing the dentate segment becomes detached and wraps around the end of the hippocampal lamina. The external surface of the dentate gyrus comes into close contact with the subicular complex forming the hippocampal fissure. (Reproduced with permission from Scheibel 1991.) the hippocampus. Thus, the familiar "C within C" configuration of the hippocampal-dentate complex has already been established by the beginning of the second trimester of pregnancy (figure 1, fourth stage).
Embryological development of the hippocampus has been most carefully studied in the rodent (Angevine 1965 (Angevine , 1970 Stensaas 1967a Stensaas , 1967b Stensaas , 1967c Stensaas , 1967d Stensaas , 1967e, 1968 Caviness and Sidman 1973; Caviness and Rakic 1978; Cowan 1979a, 1979b; Stanfield et al. 1979) and in the monkey (Nowakowski and Rakic 1981; Rakic and Nowakowsi 1981) . Gestational periods among these species vary widely, of course, and the timespans for cell replication, neuronal migration into the primordial hippocampal plate, and maturation differ. However, basic features of the embryological patterns remain similar in most species and undoubtedly in man. Among these, the following features are most relevant to our own concerns.
1. All hippocampal neurons are derived from the innermost or germinal layer, the site of cell replication. At the end of the replicative phase, these primitive postmitotic cells migrate along radial glial stalks to their final position in the hippocampal plate, following an inside-out sequence. In the normally developing hippocampus, late-arriving neuroblasts must thread their way among populations of young, already maturing hippocampal neurons. The process of migration from the germinal zone, lying along the ventricular margin, to the cortical plate and the subsequent termination of the migratory process, followed by alignment of these cells to form the cortical laminae, is extremely complex and only partially understood. Many species of membrane and matrix molecules are undoubtedly involved in the process, and one of the major efforts in con-temporary developmental cellular and molecular biology is directed toward better delineation of this process (figure 2).
2. Autoradiographic studies based on tritiated thymidine pulses administered at different times during ontogeny have shown that neuroblast migration into each comu ammonic sector is discrete, with its own time of inception and widely differing durations of migration (Angevine 1965; Airman 1966; Caviness 1973 ; Nowakowski and Rakic 1981) (see figure 3 ). For this reason, the junction between each pair of comu ammonic fields (e.g., CA1-CA2) represents both a temporal and a cytoarchitectonic interface. Each field is the product of an idiosyncratic time period during which primitive neurons destined for that sector were actively migrating toward it. The unique cytoarchitectonic (histological) characteristics of each field, first studied in detail by Lorente de No (1934) , may reflect both these temporal specificities as well as the special input-output connections peculiar to the specific hippocampal sector. As an example, the unusually small and uniform cohort of hippocampal pyramids making up CA2 is the product of the briefest migration period of any hippocampal field.
3. In comparison to adjacent neocortex, migration of hippocampal neuroblasts along the radial glial stalks is very slow. The observed rate of about 15 ujn/day (Nowakowski and Rakic 1981) is almost an order of magnitude slower than that of primitive neurons in most neocortical areas. Furthermore, unlike migrating cells destined for neocortical sites, hippocampal neuroblasts appear to lose their attachment to their guiding glial stalks and begin to -The sequence A, B, C, shows the presumably neural cellular adhesion molecules (NCAM)-mediated migration patterns of primitive neurons in their ascent along the radial glial cells until they reach their proper station in the primordial hippocampus (the hippocampal plate). Here they unattach themselves and move slightly away from the guide cells as following waves of primitive neurons come up and pass through to more external stations. Along the way they begin to develop their processes (dendrites and axons) which are called collectively "neurites." Hence during the later stage of their migration, they become "neuritogenic" C). In the autosomal mutant reeler mouse (sequence D, E, F), abnormally maintained adhesive properties of NCAMs interfere with normal migration of primitive neurons and hinder their separation from the radial glial cells (arrowhead). Succeeding waves of cells are, in turn, prevented from completing their own migration and accumulate (arrows) in these areas of prolonged adhesion, resulting in disordered cortical development, a = germinal (ventricular) layer of developing cells; b -developing cortical lamina. Actively migrating cells are shaded. (Based on drawings from Pinto-Lord et al. 1982.) mature (i.e., develop neuritic processes) well before they reach their final destination (Stanfield and Cowan 1979a) . Note the uppermost migrating shaded neural elements on stalks A, B, E, and F in figure 2.
4. Rodent models indicate that the trajectory of hippocampal neuroblasts migrating along glial stalks does not always follow the classic radial route from ventricular margin toward pial surface as described by Rakic (1971) and others. Cells destined for CA3, the dentate gyrus, and the perihilar proliferative zone (often called CA4 in the mature primate and human hippocampus) follow paths that become increasingly tortuous Note.-Migrations into the CA2 sector are limited to day 15. Abbreviations CA1, CA2, and CA3 denote cornu ammonis sectors 1, 2, and 3. Unlabeled extensions of the hippocampal layer into the hilus of the dentate gyrus are equivalent to the CA4 sector in human hippocampus. E = embryonic day. (Reproduced with permission from Angevine 1965.) Sidman 1970). In this regard, it is interesting to note that the migration period for primitive neurons destined for the CA2 sector in the mouse is limited to the 15th day of gestation (Caviness 1973 ). This antedates, by more than 2 days, the optimal reaggregation time noted by DeLong and Sidman (1970) . It is also the earliest time when typical reeler mouse deformities can be distinguished in the hippocampus of this mutant form (Stanfield and Cowan 1979a) . One wonders whether the 2-day interval preceding expression of the reaggregaton mechanism may represent a period when these cells are likely to respond randomly to conflicting local cues. It seems clear that embryological development of the hippocampus involves a complex temporo-spatial scenario consisting of intracellular and extracellular mechanisms whose normal progression may be interfered with at a number of different points.
as the hippocampus grows and develops its characteristic convolutions. Cell migration follows a track that parallels the lengthening pial surface and the arc of the comu ammonis before turning sharply to enter the developing cellular lamina (Nowakowski 1988) (see figure 4) . Thus, characteristically slower rates of migration along increasingly long and complex migrational paths, plus maturational cues that seem to develop before many of the primitive cells have reached their target areas, may combine to make the process of hippocampal development and maturation unusually vulnerable to injury or interference.
5. The development of definitive cellular orientation and alignment appears to depend on properties intrinsic to the developing neuroblasts themselves and seems independent of migratory mechanisms or cell matrix. Cortical cells taken from normal mouse fetuses at 17.5 to 18.5 days of intrauterine development and maintained in vitro reaggregate into cortical plate-like structures reminiscent of the developing cortex. The time window during which such harvested cell samples can reaggregate is highly specific, and cell samples obtained earlier or later than this 17.5-18.5 embryonic-day period do not give a similar response (DeLong and
Genetic Mutations and Hippocampal Development
At present, at least seven discrete mutations affecting hippocampal formation have been described in the mouse (Nowakowski 1988) . Although each of these mutations appears to map to a different chromosomal location, they all affect formation of the hippocampus and often result in similar structural anomalies. Six of these seven mutations are characterized by clusters of displaced or irregularly arranged (ectopic) CA3 pyramidal cells, a shared phenotypic characteristic that suggests impaired neuronal migration. Four of these Note.-Shown are the position and direction of primitive neurons migrating into the subicular complex (sb), cornu ammonis, sector 1 (CA1), and sector 3 (CA3). Note the unusually long course followed by primitive neurons migrating from the surface of the lateral ventricle (Iv) to CA3. dg = dentate gyrus. also show immune system dysfunction, a phenomenon whose presence has been both confirmed (Bessler et al. 1987 ) and disputed (DeLisi et al. 1982; Schindler et al. 1986 ) in schizophrenic patients.
This possible link between aberrant development of the central nervous system (CNS) and immune system dysfunction is of considerable interest. A number of the molecular moieties involved in cell-cell recognition and adhesion functions are now known to share a 110 amino acid sequence (Williams 1985) and are considered to be members of an immunoglobulin superfamily. Molecular species such as neural cellular adhesion molecules (NCAMs), Thy-1 (thymocyte 1), and certain major histocompatabiliry complexes are expressed in both the immune system and the CNS. Nowakowski (1988) points out that "the possibility that mouse mutations that affect immune function also produce abnormalities in the developing CNS could be of great significance in understanding ... the etiology of a variety of neurological disorders" (p. 333). Geschwind and Behan (1982) have suggested that a number of human neurological problems may be linked to autoimmune dysfunction. Thus, the same gene system might contribute to both disordered neurogenesis and immune system dysfunction at different times during the developmental history of the organism.
Williams (1985) has speculated that the immune functions of the immunoglobulin (Ig) superfamily may have evolved from an earlier role mediating interaction among cells. He suggests that Ig-like molecules initially contributed to cytotoxic functions during development. Their intimate involvement in preprogrammed cell death may have later been extended to foreign cell systems.
Among the mutant mice, the most restricted type of structural anomaly is found in the hippocampal lamination defect (hid) mutation, an autosomal dominant mutation that "affects the position of only the late-generated pyramidal cells that are destined to reside in area CA3c" (Nowakowski 1988, p. 319) . These postmitotic primitive neurons can be seen in the process of migration away from the ventricular surface by embryonic day 15-16 and reach the base of the developing hippocampal cortical plate over the next 7 days. At this point, the cells in the lamination defect mutation stop, whereas in the normal mouse they continue to follow the usual inside-out migration pattern and migrate to the outer edge of the cortical plate. The separation of the hippocampal lamina in the CA3 sector that results from this premature cessation of migration in the hid mutant form is found regularly in the Balb C mouse. The variation does not appear to VOL. 19, NO. 1, 1993 29 be accompanied by fragmentation of the surrounding dentate gyrus or by the presence of obvious cell rests. The degree of precision and isolation of the defect and its remarkable similarity from one individual to the next are noteworthy.
The dreher mouse mutation is linked to an autosomal recessive gene whose expression is marked by phenotypic variability. Cell proliferation and neuronal migration are affected. Significant numbers of dentate granule cells may be missing and there may be abnormal clumping of granule cell somata in the molecular layer. CA3 pyramidal cells may be too numerous or too few. In the former case, excess numbers of pyramids are found in the more superficial layer of the hippocampus just below the alvear-ventricular margin (stratum oriens), scattered along the migration routes these cells had originally followed. They also appear to represent late-generated neuroblasts whose migration was incomplete (Nowakowski 1988) . Abnormally positioned dentate granules appear to synapse selectively with these ectopic pyramids.
Of the other mutations, the reeler mutation may be most instructive for our purposes. This abnormality is linked to an autosomal recessive gene whose effects are seen in many parts of the nervous system (Caviness 1973) . A detailed histologic study of the cortex of this mutation suggests a problem in the dynamics of migration of the primitive neurons along the glial stalks: "specifically young neurons destined to form the neocortex are unable to bypass positions held by their postmigratory predecessors" (Pinto-Lord et al. 1982, p. 329) .
Inherent in the above suggestion is a set of embryological mechanisms that we believe are relevant to the pathogenesis of hippocampal cell disarray in schizophrenia. We have already described the process by which primitive neurons, upon reaching the end of their replicative phase of development in the germinal (ventricular) layer, begin to migrate along radial glial guide cell stalks toward their eventual destinations in the primitive cortical (hippocampal) plate. We have also indicated that there are both temporal and spatial idiosyncrasies inherent in this migration compared to neocortical sites. The process by which successive waves of these primitive neurons move progressively farther out into the hippocampal plate involves rather precise control over patterns of neuron-neuroglial adhesion and nonadhesion. Central to the process as presently conceived is the role of NCAMs (Edelman and Chuong 1982) . Ordinarily, the embryonic form of an NCAM is characterized by a degree of adhesiveness that allows the primitive neuron to maintain contact with the glial guide cell until the appropriate cortical target zone has been reached. At this point, the adhesive characteristics of the NCAMs are believed to change sufficiently to allow the migrating neuron to leave the glial stalk and join the appropriate cortical cell lamina developing perpendicular to the path of migration.
Each successive wave of migrating cells moves beyond those already in laminar position to form a new lamina just outside, that is, somewhat farther from the old ventricular margin. This inside-out progression is characteristic of normal cortical development (figure 2). Pinto-Lord and coworkers (1982) have suggested that the progressive disarticulation of migrating cells from the glial stalks does not proceed normally in the reeler mouse. As a result, primitive migrating neurons that reach their appropriate cortical target zones remain attached to the stalks, and cells that follow them begin to "pile up" behind. The normal inside-out sequence of cortical development is thereby interfered with, resulting in chaotic cortical structure. Pinto-Lord and colleagues (1982) suggest that a general class of glycoconjugates that make up part of the normal constituents of cell surface membranes ordinarily undergoes a series of transformations during the process of disarticulation of migrating cell from glial stalk, transformations that fail to occur at the appropriate transition time in the reeler.
This mechanism of abnormally maintained adhesiveness of glycoconjugate binding systems postulated by Pinto-Lord and colleagues (1982) appears similar to that proposed by Edelman and Chuong (1982) for another mutant mouse, the staggerer. These investigators reported the failure of the embryological form of the NCAM to convert to or be replaced by the adult form as a probable factor leading to improper cell connectivity in the cerebellum of the staggerer.
Many species of surface molecules are undoubtedly active during the embryological period of neuroblast migration, cell orientation and lamination, neurite outgrowth, and the development of synaptic connections. These include, but certainly are not limited to, NCAMs, cadhedrins, astrotactins, and matrix proteins. For several reasons, we selected NCAMs as a candidate species to be considered in the pathogenesis of the hippocampal cellular disarray peculiar to many cases of schizophrenia. As already noted, Edelman and Chuong (1982) reported the failure of the embryological form of the NCAM to convert to or be replaced by the adult form as a probable factor leading to improper cell connectivity in the cerebellum of the staggerer mouse. Similar mechanisms were thought to be involved in the abnormally maintained adhesiveness of postmigratory neurons to radial glial cells in the reeler (Pinto-Lord et al. 1982 ).
Our own thinking about possible pathogenic mechanisms involved in the development of hippocampal pyramidal cell disarray in schizophrenia (Scheibel and Kovelman 1981; Kovelman and Scheibel 1984) was strongly influenced by early discussions with Sarnoff Mednick (personal communication 1983) and by later reports of the Helsinki (Mednick et al. 1987 and English (O'Callaghan et al. 1991) studies of the long-term effects on the offspring of influenza infection in pregnant women.
Recent reports by these groups have underlined an apparently significant correlation between influenza virus infections in the second trimester of pregnancy and the subsequent development of schizophrenia in the offspring of such pregnancies. As we have already pointed out in our review of hippocampal development, neuroblast migration into the primitive hippocampus reaches its peak in the early and middle portions of the second trimester. Influenza is one of a very small number of orthomyxoviruses that possess the enzyme, capsular neuraminidase, that affects sialic acid. Since the cell-binding properties of NCAMs depend to a great extent on the presence of sialic acid moieties (Nacetylneuraminic acid) (Crossin et al. 1984 ), a putative link may be thought to exist between the presence of a neuraminidase-bearing virus and cell migration problems during neuroembryogenesis. The embryonic neuron may be most vulnerable to the presence of influenza (orthomyxo) viruses during the period of initial development of neuritic (i.e., dendritic and axonal) extensions. This is because the neurite-developing (but not the preneuritogenic) embryonic neuron is characterized by a cell membrane that is very rich in complex gangliosides (Abe Rosenberg, personal communication 1991) . These are the optimal ligands for interaction with the viral capsular enzymes such as neuraminidase. Note that we have already described the unusually slow migration pattern of primitive hippocampal cells and their tendency to commence neurite development while still in the migratory phase (figure 2).
It is therefore possible that the developmental pattern of the hippocampus is uniquely vulnerable to disturbance by a specific type of neuraminidase-bearing virus during a critical time window, the late migratory phase when neurites are already developing on primitive neurons still seeking their final cortical position. If this relationship between neuroaminidasebearing viral activity and schizophrenia is substantiated, it will be interesting to examine whether the various autosomal mutant mice already alluded to owe their existence to genetic mechanisms involving abnormal expression of neuraminidase or neuraminidaselike moieties.
Summary
The range of disordered neural structural patterns in autosomal mutant mice provides some index to the variety of mechanisms that may be involved in hippocampal embryogenesis. All of these mechanisms seem to include faults in neuronal migration, improper sequencing of migratory trajectories, and disturbances in final position, as evidenced by incomplete or disordered lamination (cornu ammonis or dentate gyrus), increased or decreased total numbers of neurons, abnormal cell clustering and massive cellular disarray, and so on. Compared to these, the hippocampal cell disarray we have described in the brains of some schizophrenic subjects appears subtle and understated. Nevertheless, the power of the mouse model, caricature of the human schizophrenic state though it may be, lies in the potential insights it provides into mechanisms underlying these changes. We have suggested one possible way in which the influenza virus, as one of a very restricted number of microorganisms bearing a capsid shell rich in neuraminidase, might affect the normal activity of NCAMs during cell migration. This is only a hypothesis, but it is one that is open to empirical testing. Attempts to infect mice experimentally at various stages of pregnancy with the influenza virus represent one possible way to examine the infection hypothesis.
The presence of a genetic component in schizophrenia has been well documented (e.g., Kallman 1946; Gottesman and Shields 1972; Kety et al. 1978; Kendler 1983) , although the actual nature of the inherited trait is far from clear. We have proposed that the inherited genes or gene clusters are related to the human lymphocyte antigen (HLA) system and that the inherited trait is one of altered immunocompetence that may affect the behavior of the maternal-fetal unit during exposure to the influenza virus . Therefore, any attempt to develop a murine model of the hippocampal cell pattern seen in a significant number of schizophrenic patients should include methods for altering levels of immunocompetence in the maternal-fetal unit.
It now seems almost axiomatic that the schizophrenias must be caused by many factors, both genetic and epigenetic. The data presented here provide clues to one possible combination of factors that may be involved.
